Moloney murine leukemia virus DNA fragments were subcloned into two plasmids downstream of active promoters to detect termination sequences for transcription initiated at these promoters. Two of the viral DNA fragments (2,050 and 595 base pairs) were able to block transcription when inserted in one orientation but not when inserted in the other. These two viral DNA fragments contained long terminal repeat sequences. Deletion of 84 base pairs from the U-3 and R regions in the long terminal repeat removed the transcription termination activity.
Moloney murine leukemia virus DNA fragments were subcloned into two plasmids downstream of active promoters to detect termination sequences for transcription initiated at these promoters. Two of the viral DNA fragments (2, 050 and 595 base pairs) were able to block transcription when inserted in one orientation but not when inserted in the other. These two viral DNA fragments contained long terminal repeat sequences. Deletion of 84 base pairs from the U-3 and R regions in the long terminal repeat removed the transcription termination activity.
Transcription of retrovirus 35S RNA appears to be initiated within the left-hand long terminal repeat (LTR) and terminated at the right-hand LTR of the integrated proviral DNA (24) . Sequence analysis of the LTR region of murine leukemia virus (MuLV) and murine sarcoma virus has revealed a TATA-like sequence (AATAAA) which appears to be part of the promoter region (1, 5, 19, 22, 26 ). This sequence is located 24 nucleotides upstream of the site coding for the 5' end of the 35S viral RNA. Another adenine-plus-thymine (A+T)-rich sequence in the LTR (AATAAAA), 16 nucleotides upstream from the site representing the 3' end of the viral RNA, is the putative polyadenylic acid addition signal (1, 5) . Although a large body of evidence is available on the DNA structures required for the initiation of RNA transcription, very little is known about transcription termination in eucaryotic systems. Studies on the regulation of procaryotic gene expression have indicated that termination occurs at unique sequences which may form stem and loop structures. Models have been put forward to explain the function of such structures in transcription termination in Escherichia coli (20, 21) .
Several studies have indicated that some promoters of eucaryotic genes are recognized by the RNA polymerase of E. coli for the initiation of transcription (8, 9, 16) . To determine whether specific DNA sequences of Moloney MuLV (MMuLV) cause termination of transcription in a procaryotic system, we introduced the viral DNA fragments into two types of plasmids which were constructed to select for transcription termination sequences. One plasmid, pKG1900 (15) , was constructed from part of pBR322 and two DNA fragments from the E. coli gal operon containing the gal promoter and the galK gene (Fig. 1 ). When this plasmid is introduced into an E. coli strain defective in the expression of the galK gene, it converts the Gal-bacteria (white colonies on MacConkey galactose plates) to Gal' (red colonies on MacConkey galactose plates; Table 1 ).
The plasmid pBR-MuLV, which was used in this work as a source of M-MuLV DNA, contains a complete copy of M-MuLV unique sequences and two tandem copies of the LTR region. The viral DNA portion of the plasmid was cut into four fragments with XmaI and ligated to pKG1900, which was cleaved with the restriction enzyme AvaI. After transformation of E. coli C600 and E. coli N100 cells, both GalK- (15) , the cells were plated on LB agar containing ampicillin (100 ,ug/ml). Bacterial clones carrying viral DNA sequences were recognized by hybridization to 3 P-labeled cDNA from M-MuLV (17, 18) by the colony hybridization technique (7) . Each of the bacterial clones that hybridized to the M-MuLV cDNA was tested on MacConkey galactose agar plates containing ampicillin (100 ,ug/ml), and their plasmids were analyzed by restriction enzyme mapping. All white colonies on MacConkey galactose plates carried hybrid plasmids composed of pKG1900 and one of two viral DNA fragments: the 2,050-base-pair (bp) fragment A, which includes 472 bp of the adjacent LTR, or the 595-bp fragment B, which includes the entire LTR a Assay for A kil gene expression was carried out with E. coli (recA supE44) carrying pHA10 or its derivatives. The survival rate was determined as the ratio of the number of surviving colonies at 40°C to the number surviving at 30°C (11, 13) .
b Galactokinase assays were performed in E. coli C600 (galK recA) cells carrying the plasmids listed as described by McKenney et al. (15) (Fig. 3) . The values for relative activity of galactokinase were calculated from Restriction enzyme analysis of plasmids purified from GalK-bacterial clones (about 100 white colonies were tested [data not shown]) indicated that the two viral fragments containing the LTR sequences were inserted in the righthand (R) orientation, i.e., in the polarity to give viral plus-strand transcript initiated at the gal promoter ( Fig. 1) . Of 100 colonies which gave a red color on MacConkey galactose plates, 80 carried one of these two viral DNA fragments in the opposite (0) orientation. The remaining 20 colonies carried the 328-bp fragment located within the unique viral sequences (6213 in Fig.  1 ). Viral DNA fragments were also identified by hybridization to viral [32P]cDNA by the technique of Southern (23) (data not shown).
For more precise localization of the region responsible for the transcription termination in the GaIK-clones, plasmid pKU3 (Table 1) was isolated, and 84 bp were removed from the LTR region. The deletion was achieved by digestion with the restriction enzyme FnuDII. The FnuDII viral DNA fragment, containing 390 nucleotides from the LTR region and 1,251 nucleotides of unique viral sequences, was purified from low-temperature-gelling agarose after fractionation by electrophoresis of the pKU3 digest. The purified DNA fragment was ligated into the SmaI site of pKG1900. Before transformation of E. coli C600 (galK-) cells, the ligation mixture was recut with SmaI to linearize any remaining original plasmid sequences. Clones containing the FnuDII M-MuLV DNA fragments were identified by colony hybridization to M-MuLV cDNA and analyzed by restriction enzyme mapping. Two of the clones, each carrying the FnuDII MuLV DNA fragment in a different orientation, pKF12 in the R and pKF4 in the 0 orientation, were further analyzed on MacConkey galactose plates. Both colonies were red on these plates ( Table 1 ), indicating that the sequence responsible for the transcription termination in E. coli lies within the 84 bp located between the FnuDII and SmaI cleavage sites in the LTR region ( Fig. 1 and 2 ). Since digestion with FnuDII removed 84 bp from the 3' end and 355 bp from the 5' end offragment A (Fig. 1) , the termination signal could therefore be at either end of fragment A. However, since deletion of 282 bp located between the PvuII and SmaI sites at the 3' end of fragment A also removed the termination signal (pKP1, Table 1), the termination signal must be located within the 84 bp at the 3' end of the LTR. Moreover, galactokinase expression was blocked in pKL1, which carries viral fragment B (Fig. 1 and Table  1 ). Fragment B consists of only the permutated LTR, which indicates that termination occurs within the LTR region.
Efficiencies of termination in the different bacterial clones were compared by measuring enzyme activity by phosphorylation of [14C]galactose (15) . The enzymatic activity of galactokinase dropped dramatically (more than 10-fold) once the LTR was introduced into pKG1900 in the R orientation (pKU3) (Fig. 3 and Table 1 ). When 84 bp were deleted from the viral DNA (pKF12), the galactokinase activity was restored to the level found in pKG1900-carrying bacteria.
The DNA sequence responsible for reduction in enzyme activity is thus located within the 84 bp which map between -122 to -38 nucleotides from the 3' end of the viral 35S RNA within the LTR region (Fig. 2) .
Expression of galactokinase activity in the plasmids carrying the LTR in the 0 orientation was reduced by 20% (pKU8 and pKL2, Table 1 ). The same small reduction in galactokinase activity was also observed after removal of the 84 nucleotides responsible for termination (pKF4, Table 1 ). This reduction in enzyme activity, therefore, appeared to be dependent on a DNA sequence within the viral DNA plus strand which is not complementary to the transcription termination signal in the viral DNA strand with the polarity to give viral plus-strand transcript.
To confirm the results described above, we used another plasmid (pHA10) to select for transcription termination signals in M-MuLV DNA. pHA10 was constructed from pBR322 and the EcoRI XD fragment (Fig. 1) . One of the genes carried by this DNA fragment codes for a temperature-sensitive X repressor, c1857. Inactivation of the X repressor at 400C allows transcription to start at the XPL promoter, resulting in the expression of the X kil gene, which kills the bacterial host. Introduction of a transcription termination signal between the XPL promoter and the A kil gene prevents killing of the host at 400C (11) . The reaction mixture (100 ,ul) was composed of t mM dithiothreitol, 3 mM NaF, 4 Fig. 1 and Table 1 ). The ampicillinresistant colonies of E. coli C600 (recA-) grown at 30°C were hybridized to cDNA from MMuLV; about 15% of these colonies hybridized to the cDNA. The colonies containing the viral DNA insert were tested at 30 and 40°C for heat resistance. All heat-resistant clones (80% of the total viral DNA-containing clones) acquired the viral DNA fragment in orientation R, whereas in the clones that remained heat sensitive (20%), the viral DNA was always in the 0 orientation. The enrichment for heat-resistant clones (80%) could be explained by the fact that transformation with pHA10 at 30°C resulted in the killing of transformed bacteria, in which the expression of the A kil gene occurs before synthesis of the X repressor (similar to A infection). However, when the expression of the A kil gene is blocked, all transformed cells survive (11, 13) . Two clones, each carrying the viral DNA insert in a different orientation (pHM6 in the R and pHM18 in the 0 orientation), were tested for growth at 40 and 30°C. In pHM6, expression of the X kil gene was blocked up to 90%, whereas in pHM18, the killing rate was about the same as it was in pHA10 ( Table 1 ).
The expression of a possible promoter located in the LTR of M-MuLV was tested in E. coli cells by inserting the viral DNA fragments A and B into the pKO1 plasmid (Fig. 1) . Plasmid pKO1 was designed to identify promoter sequences. The galK gene was inserted into a pBR322 derivative missing the entire tetracycline resistance (Tc) region. No promoter precedes the galK gene, and thus galK is not transcribed unless a promoter is inserted into the plasmid (15) . In plasmids pOU3 and pOL1, the viral LTR DNA fragments A and B, respectively, are inserted in the same orientation relative to the galK gene as is the promoting LTR relative to the viral genes in the integrated provirus (the left-end LTR). The LTR promoted expression of the galK gene at a level 10-fold above the levels obtained in bacteria containing either pKO1 or pOU5 (Table 1 ). In pOU5 the LTR fragment is inserted in the 0 orientation.
The experimental approach taken in this work is based upon the application of current models and research systems developed for the study of transcription control in procaryotes. As shown by McKenney et al. (15) , control of transcription in these plasmids is accurately measured by the galactokinase assay. This research strategy was used to overcome the complexity involved in the genetic study of eucaryotic systems. However, as long as each of the genetic signals defined in E. coli is not tested in its natural background, the function attributed to the DNA sequence may not represent its role in eucaryotic cells.
In this work, we showed that the LTR DNA of M-MuLV can terminate transcription when introduced into E. coli cells. An 84-nucleotide segment of the LTR contained a DNA sequence between -38 and -122 nucleotides from the 3' end of the 35S RNA which appeared to signal transcription termination in E. coli cells. Promotion of transcription from the LTR has been extensively studied in both eucaryotic (2, 4, 6) and procaryotic systems (8, 9, 16) . At present, transcription termination in procaryotic cells is well understood, and numerous signals for termination of E. coli mRNAs have been sequenced (for a review, see reference 21). Little is known, however, about transcription termination in eucaryotic cells.
While One hypothesis suggests that a region adjacent to the 3' terminus of the 35S RNA of MuLV may also be involved in transcription termination (1). This sequence can be arranged to form a stem and loop structure (Fig. 2) . Deletion of the DNA fragment which included the proposed stem and loop structure eliminated the termination function. Several characteristics of this stem and loop structure are notable. (i) The guanine plus cytosine content in this region was high (69%), and the calculated free energy contribution of the base-paired region and loops was -17.4 kcal/mol (see the legend to Fig. 2) , which is consistent with a duplex form for this sequence. Even a shorter stem and loop starting at the SmaI site (with calculated free energy of -12 kcal) still abolished transcription. (ii) Comparison of the nucleotide sequences of seven isolates of MuLV (1, 5, 19, 22, 26 ) indicated a strong conservation in the sequence forming the stem and loop, with only two substitutions in the 100-nucleotide sequence adjacent to the 3' end of the virus RNA. (iii) The distances from the stem and loop to the 3' terminus of the RNA (34 nucleotides) and to the presumed polyadenylation signal (12 nucleotides) were identical for all MuLV genomes analyzed. (iv) No stretch of polyuridine followed the stem and loop structure, as it does in some procaryotic transcription terminators (21) . (v) The termination signal located in the M-MuLV was resistant to the antitermination function of the X N gene product. Very few N-resistant termination signals have been described previously (11, 21) .
Our results indicate that the MuLV LTR could also serve as a promoter for transcription in E. coli cells when introduced upstream of the galactokinase structural gene in plasmid pKO1. The dual activity of the LTR in promotion and termination of transcription in E. coli is reminiscent' of the function of the LTR in expression of the integrated proviral genes during virus replication. The left-end LTR serves mainly as a promoter, while the right-end LTR downstream of the active promoter serves as a termination signal (24) . In our experimental system, the LTR can initiate transcription when it is not transcribed from an upstream promoter (when inserted in pKO1). However, when inserted downstream of the gal promoter (in pKG1900), it functions as a terminator.
For the analysis of transcription termination activity of the LTR in eucaryotic cells, new constructions will have to be designed. One such construction which we are pursuing involves the insertion of the LTR and its deleted derivatives (described in this work) downstream of the promoter of the late gene of simian virus 40 (3). Premature termination of transcription at the inserted LTR region may serve as an assay for termination in mammalian cells.
